Universal rolling of asymmetric unequal-leg angles having an L-section was studied by a model rolling experiment and finite element (FE) analysis. In the experiment, flange spread displayed a linear relationship against the reduction balance, which was defined as the difference of the flange and web thickness strains. Similar linear behaviors of web height, flange depth and bulge height against the reduction balance were also observed. Rolling deformation was also investigated in detail by FE simulation. Although the trends of deformation in the simulation were similar to the experimental results, two significant differences were noted: The inclination of the regression lines of deformation (flange spread parameter) was slightly different, and the change of flange depth was not linear in the high reduction balance region. Furthermore, unexpected web spread was observed in the experiment and FE analysis.
Introduction
Universal rolling is widely applied in the production of sections such as H-beams, channels, rails, T-bars and similar products. Deformation properties in universal rolling have been studied in detail for H-beams, 1, 2) T-bars 3) and channels. 4) As a common feature of these products, their cross sections are characterized by mirror symmetry. Specifically, the H-beam section has vertical and horizontal axes of symmetry, the section of a T-bar in universal rolling has a horizontal axis of symmetry and is similar to the left or right half of an H-beam, and a channel section has a vertical axis of symmetry and a cross section (U-section) similar to the upper or lower half of an H-beam.
The type of section symmetry is an important factor in universal rolling deformation. Rolled H-beams are usually straight upon delivery while T-bars often have side camber and channels mostly turns upward upon delivery. Section symmetry also influences rolling deformation in the cross section. For example, the flange spread behavior of a T-bar having a half-section of an H-beam is similar to that of the original H-beam. 3) In universal rolling of channels, it has been reported that overfill at the outside corners often occurs, as if two new flanges are created. 4, 5) Although the properties of universal rolling deformation of products with symmetric cross sections have been studied extensively, only a few studies have examined asymmetric universal rolling. [6] [7] [8] To study deformation behavior in asymmetric universal rolling, an unequal-leg angle was selected for this research. An unequal-leg angle has an L-section, which is similar to a quarter section of an H-beam and the half-section of a channel and T-bar. Unequal-leg angles are commonly produced by groove rolling with a 2-high mill, [9] [10] [11] and the products are generally used in ships as stiffeners. 12) Because groove rolling requires a different roll pass design for each cross section, the size variety of rolled unequal-leg angles is limited. If universal rolling could be applied to the production of unequal-leg angles, it would be possible to products having different thicknesses with the same roll pairs, and the size variety could be expanded without increasing roll costs.
In this research, the basic deformation behavior of unequal-leg angles in universal rolling was investigated. A laboratory rolling experiment and finite element (FE) analysis were carried out under several conditions of web and flange thickness reduction. The deformation of flange width, web height, flange depth and bulge height was studied in detail.
In addition, FE simulation of rolling of a channel having the same half-section as the unequal-leg angle was executed. Based on a comparison of the rolling deformation of the unequal-leg angle and the channel, the characteristics of ISIJ International, Vol. 54 (2014), No. 10 asymmetric universal rolling and the influence of symmetry on rolling deformation were discussed. Figure 1 shows a schematic diagram of universal rolling of an unequal-leg angle. Although some results of angle rolling experiments with multi-roll mills have been reported, [6] [7] [8] the roll geometries and arrangements were different from those in H-beam universal rolling. In this research, the same horizontal and vertical rolls as those used in H-beam rolling were selected. Because the roll configuration and arrangement are the same, the common use of rolls between different products is possible.
Laboratory Rolling Experiment

Experimental Setup
Pure lead was used as the model material in all rolling experiments. It has been reported that the deformation behavior of pure lead is similar to that of hot carbon steel at elevated temperatures. 13) Because these experiments were carried out at room temperature, the effect of the temperature distribution of the workpiece on rolling deformation was eliminated.
A constant reduced-scale of one-fifth was assumed in the experiments. The reduced-scale was applied to both workpiece and rolls in order to maintain the geometric similarity of rolling deformation.
13) The dimensions of the rolls and workpiece cross section are shown in Table 1 and Fig. 2 , respectively. The horizontal rolls of the mill were driven and the vertical rolls were undriven. The workpiece length was set at 300 mm. The geometry in this experiment corresponds closely to that of an intermediate pass when rolling an unequal-leg angle of 300 × 90, that is, an angle with a web height of 300 mm and flange width of 90 mm.
The specimen was expected to turn up and curve sideways upon delivery, resulting in upward curling and side camber. Tables, web guides and vertical side plates were applied at both the entry and exit sides to enable delivery of straight rolled angles, as shown in Fig. 3 . Although a smaller gap between the guides and the specimen increases the straightness of the rolled angle, an excessively small gap causes scratches on the surface of the workpiece. The gap was set at approximately 1 mm in the experiment.
Modeling of Universal Rolling Deformation
In research on H-beam universal rolling, the spread of flange width B has been studied in detail, 1, 2) and it has been shown that the difference between the flange thickness reduction rf and web thickness reduction rw strongly influences flange spread. That is, when rf is larger than rw, flange elongation also becomes larger than that of the web. However, since the web and flange are connected, their elongations must be the same. This restriction on elongation results in larger flange spread under such rolling conditions. Conversely, when rw is larger, tensile force acts on the flange, and this tension reduces flange spread. This is the basic mechanism of the influence of rolling conditions on flange spread behavior in universal rolling.
Flange spread behavior in universal rolling is expressed by the following equation: (3) where tw and tf are the thicknesses of the web and flange. The suffixes 0 and 1 in Eqs. (1) to (3) mean before and after rolling, respectively. In Eq. (1), a and b are constants depending on the dimensions of the product and the mill geometry. The difference between the flange and web thickness strain (λ f -λw) is considered to be the representative parameter of the correlation between the web and flange and is called "reduction balance" in this paper. Similar deformation properties have also been reported in universal rolling of T-bars 3) and channels. 4) Therefore, a similar influence was expected in universal rolling of unequal-leg angles.
Experimental Conditions
In order to examine the effect of rolling conditions on rolling deformation, several combinations of web thickness reduction rw and flange thickness reduction rf were tested. In universal mills, the horizontal and vertical roll gaps can be set individually. A target rw of 15% and a target range of rf between 12% and 24% were selected. As a result, the target range of the thickness reduction difference (rf -rw) was -3% to 9%.
In the case of T-bar universal rolling, the tip of the web is a free surface, and web spread as been observed.
3) A similar web spread deformation was expected in rolling of unequal-leg angles. Therefore, in addition to the flange width, web height was also measured before and after the rolling experiment.
The flange of an unequal-leg angle is located on only one side of the web. A unique rolling deformation creating a bulge at the outside corners was observed in channel universal rolling. 4, 5) As a similar bulging deformation, like that shown in Fig. 4 , was also expected in unequal-leg angle rolling, the flange depth d and bulge height h were measured before and after rolling. The relationships between the reduction balance and changes in these dimensions were then investigated to validate the possibility of modeling as shown in Eq. (1).
Experimental Results
The rolling experiment was completed without any problems. Seven specimens were rolled under different rolling conditions. Figure 5 shows a photograph of a rolled pure lead specimen. Although all the rolled angles displayed upward curling and flange side camber at the top end, the web guide and vertical guide plates enabled delivery of the angles in a straight condition to the tail end. The dimensions of the unequal-leg angles before and after rolling were measured at the center of length, and these measurements were used in calculating the actual thickness reductions, strains and spread deformation parameters. Figure 6 shows the actual web and flange thickness reductions. The range of rw was 14.9% to 16.6%, while rf was 11.5 to 24.9%. These reductions covered a sufficient range of (rf -rw) corresponding to the planned experimental condition. The flange and web spread parameters, flange depth and bulge height were also evaluated using these measurements. Figure 7 shows three rolled sections of pure lead specimens at the center of length. As can be seen in this figure, bulging deformation occurred, and the bulge height became larger with higher flange thickness reduction. Figure 8 shows the change of the flange spread parameter ln(B1/B0) and the web inner height spread parameter ln(LH1/ LH0) against the reduction balance. Linear relationships can be seen between the two parameters and the reduction balance. However, LH increased as the reduction balance increased. Based on the mechanism of universal rolling deformation, a higher reduction balance should decrease LH, as observed in T-bar universal rolling.
3) The cause of this unexpected tendency in the web inner height in angle rolling is discussed in Chapter 4.
The changes of the flange depth Δd and bulge height Δh 
Finite Element Simulation of Angle Universal Rolling
Numerical Conditions
In order to investigate deformation behavior in universal rolling of unequal-leg angles in detail, a three-dimensional numerical simulation was conducted. A dynamic explicit FE code, ABAQUS Explicit Ver.6.12, was used for the numerical analysis. Good agreement between the deformation in simulated rolling and that in the pure lead experiment was confirmed in our previous research. 4) Solid brick reduced integration elements (C3D8R) were used for the modeled angle, and the element numbers in the cross-section and length were 1 228 and 376, respectively. Therefore, the element number of the workpiece was approximately 460 000.
The rolls were assumed to be analytical rigid surfaces. In all cases, a non-steady-state model was used. The horizontal rolls were driven, and their rotation speed was set at 40 rpm. The vertical rolls were defined as undriven free rotation parts. The value of mass scaling was set to less than 50 in the simulations.
Real rolling geometries corresponding to the model rolling experiment in Chapter 2 were used in the numerical simulation. The dimensions of the one-fifth scale model in the experiment were multiplied by 5 times for conversion to the actual rolling geometry. Figure 10 shows the section geometry before rolling, and the numerical conditions are listed in Table 2 . In the series of FE analyses, web thickness reduction was set at 15%, and five flange reductions of 12%, 15%, 18%, 21% and 24% were simulated. The web guides and tables in Fig. 3 were also constructed in the numerical model to avoid extreme upward curling and side camber in the simulation. A flow stress curve for hot carbon steel 14) was used to create flow stress data for the analysis. where σ f is flow stress in MPa, ε is plastic strain and is the plastic strain rate. A constant rolling temperature of 1 000°C and a carbon content of 0.15% were assumed in the stock. The flow stress calculated with strain of 0.002 in Eq. (4) was used as the initial flow stress for initiation of plastic deformation.
Results of FE Analysis
The FE simulations of the five conditions were executed successfully. Figure 11 illustrates a simulated rolling deformation with the target rf of 18%. In the FE simulation, the target thickness reduction corresponded to the roll gap setting, and the resulting thicknesses might be different from the roll gap. Therefore, the thickness reductions and deformation parameters were calculated by the same method as in the experiment using the geometries before and after rolling simulation. In Fig. 12 , the flange spread parameters ln(B1/B0) in the FE analysis (FEA) are plotted against the reduction balance with the experimental results (Exp). The FE results have a similar linear trend to the experimental results. However, the flange spread of the analysis at higher reduction balances is larger than that in the experiment, and this causes the inclination of the regression line to increase. Figure 13 shows the spread parameter of web inner height ln(LH1/LH0) by FE analysis and the experiment. The results of the numerical simulation were in good agreement with the experimental results, including the unexpected trend of the positive inclination of the regression line.
To compare the results of Δd and Δh, the experimental data were multiplied by 5 times for conversion to the actual dimensions. The relationship between the reduction balance and Δd is shown in Fig. 14 Although the simulated results are slightly smaller than the experimental results, their trends are in good agreement.
As the result of FE analysis, the simulated deformation behaviors generally agreed with the trend of the experimental results except for the following differences: The inclination of the regression line for the flange spread parameter was rather lager, and the change of Δd by FE analysis was not linear in the high reduction balance region. The causes of these differences are discussed in the next chapter. 
Finite Element Simulation of Channel Universal Rolling
It has been reported that the flange spread behavior of a T-bar having the half-section of an H-beam is similar to that of the original H-beam.
3) The same relationship was expected between an unequal-leg angle and a channel. Channel universal rolling is already used in some actual section rolling facilities. Therefore, if the affinity between unequal-leg angles and channels can be clarified, knowledge regarding channel rolling can be transferred to unequal-leg angle universal rolling.
As the unequal-leg angle has an L-section, it can be considered to correspond to one-half of the U-section of a channel. A FE simulation of channel universal rolling was performed to investigate the similarity in the rolling deformation behaviors of the two types of sections.
Numerical Conditions of Channel Rolling Simulation
The same FE code as that used in the simulation of unequal-leg angle rolling was also applied to the channel rolling simulation. As shown in Fig. 16 , a half part of the channel (U-section) was modeled for the analysis, and the cross section had the same geometry as the unequal-leg angle (L-section) in Fig. 10 . A perpendicular axis of symmetry was placed at the broken line in Fig. 16 . Other conditions of the channel rolling simulation were determined so as to be same as those shown in Table 2 .
Results of Channel Rolling Simulation and Discussions
The sections of the unequal-leg angle and channel after rolling under the three rf conditions are presented in Fig. 17 . As is evident in this figure, the vertical positions of the flanges of the two products were not similar. Figure 18 shows the comparison of ln(B1/B0) between the two products. The flange spread of the L-section was always larger than that of the U-section.
Because of its symmetric section, the U-section has no spread of LH. On the other hand, the L-section shows unexpected spread of LH as described in Chapters 2 and 3.
The change of flange depth Δd in Fig. 19 shows an obvious difference. Although both products have some decrease of flange depth, Δd of the L-section decreases as the reduction balance increases, while that of the U-section remains almost constant.
The results of bulge height Δh are shown in Fig. 20 . At the reduction balance of -0.02, the two products have similar Δh values. However, the inclination of the regression line for the L-section was almost double of that of the Usection. As a conclusion, it was discovered that the two products have less similarity in their universal rolling deformation behaviors than in the case of H-beams and T-bars.
To clarify the cause of the difference between the L-and U-sections, the deformation history in the rolling simulation was examined in detail. Figure 21 shows the sections Although the L-section has different rotation angles depending on rf, the positions of the U-section are much more stable except for slight web bends. It is assumed that the symmetry of the U-section contributes to higher stability during rolling deformation, and this in turn contributes to smaller rolling deformation than in the Lsections. The L-sections in Fig. 21 show that the web tip position shifts toward the left with the increases in the reduction balance due to stock rotation. From this, it is deduced that the unexpected spread of the web inner height observed in the experiment and FE analysis was caused by rotation at the entry side of the universal mill.
Therefore, the stability of the stock before rolling is essentially important for reducing undesirable large rolling deformation in unequal-leg universal rolling. For example, suitable positioning of the entrance guides makes it possible to decrease stock rotation before rolling. In the model rolling experiment in Chapter 2, downward elastic movement of the entrance table were observed. On the other hand, the entrance table in the FE simulation in Chapter 3 was assumed to be a fixed rigid surface set at 30 mm below the top of the lower horizontal roll. The differences of the table position and stiffness in the experiment and the FE simulation must be the reason for the mismatch of their Δd tendencies. The cause of the different inclination of the regression lines in Fig. 12 is also thought to be related to the degree of stock rotation, but a further detailed investigation will be necessary in order to determine the actual cause.
The comparison of universal rolling deformation of Land U-sections clarified the fact that stock rotation before rolling is an important property in universal rolling of unequal-leg angles. Thus, improved stock stability at the entry side is indispensable for successful universal rolling of unequal-leg angles.
Conclusions
In this paper, deformation behavior in universal rolling of unequal-leg angles was investigated in detail by a laboratory model experiment and FE analysis.
The experimental results showed a flange spread behavior similar to that in universal rolling of H-beams, T-bars and channels. However, an unexpected increase of the web inner height was observed. Asymmetric flange deformation like that in universal rolling of channels was also observed in universal rolling of unequal-leg angles.
A three-dimensional non-steady-state FE simulation was carried out, and the tendencies of the simulated deformation were substantially similar to those in the experiment. However, two differences were noted: The inclinations of the regression lines for the flange spread parameter were larger, and the change of the flange depth against the reduction balance was not linear in the high reduction balance region.
Universal rolling deformation of a channel having the same half-section as the unequal-leg angle was simulated with the FE program. Stock rotation depending on the reduction balance was discovered in unequal-leg angle rolling from a comparison of the rolling deformation behaviors of the unequal-leg angle and channel. This clarified the fact that the tendencies of unequal-leg angle rolling deformation can be explained by stock rotation. The asymmetry of unequal-leg angle rolling was considered to be the reason for the unsteady stock rotation.
Prevention of stock rotation is an important factor for realizing universal rolling of asymmetric L-sections. Development of methods for stabilizing the stock position before rolling is the next step for establishing a universal rolling technology for unequal-leg angles.
